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Abstract 
Cyclohexanone peroxide (CYHPO) is an important raw material for the chemical industry.  But it’s easy to out of control which leads to 
explode. In order to reduce the risk, it is always mixed with different plasticizers during the production, transportation and storage. To 
research the different influence of plasticizers on CYHPO when it out of control and analyzing the thermal hazard of it, the runaway 
reaction of CYHPO (sampleA), mixture of CYHPO and dibutyl phthalate (DBP) in the same mass (sampleB), mixture of CYHPO and 
diethylene glycol dibenzoate (DEDB) in the same mass (sampleC), mixture which is mixed by half of mass CYHPO, quarter of mass 
DBP and quarter of mass DEDB (sampleD) are simulated by Accelerating Rate Calorimeter(ARC). From the test data, the comparison of 
the initial temperatures and the temperature rise rates of four samples were judged by Origin8.6, and the reaction order, the activation 
energy of four samples were calculated by rate constant model. Then thermal decomposition characteristic data under adiabatic conditions 
could be modified by thermal inertia factor, and the self-accelerating decomposition temperatures (SADT) were calculated by Semenov 
model. The results showed that mixture of DBP and DEDB can reduce the thermal hazards efficaciously. It can be seen that 
thermodynamic parameters is not the only way to judge the influence of plasticizers on CYHPO, the intensity of the runaway reaction also 
should be considered.  
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Nomenclature 
Cv          specific heat of (kJgkg-1gK-1) 
M           mass of (g) 
Subscripts 
b             bomb 
1. Introduction 
Organic peroxide is an important chemical materials, which is broadly used in the industry field such as synthetic resin, 
synthetic rubber and resin modifying agent, organic synthesis of oxidizing agent, initiator, ect [1].  As one of the hardeners 
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which are used to manufacture unsaturated polyester resin, CYHPO is frequently used as crosslinker and initiator. CYHPO 
is a kind of organic peroxide, so the peroxide bridge (-o=o-) in its molecular structure. When facing heating, striking and 
rubbing, or because of lacking purity with other doped impurities or other materials, CYHPO is more likely to decompose, 
even will burn or explode. The molecular structure of CYHPO is shown in Fig 1.  
 
 
 
 
 
 
Fig. 1.  Molecular structure of CYHPO 
With the widely application of the fiberglass reinforced plastic products, the using of CYHPO is becoming more and 
more, which leads to the constantly increasing of the storage volume of it. In order to ensure the safety in storage and 
utilization, it always be added plasticizers to lower the insecurity of CYHPO and improve its safety. The widely-used 
plasticizer is DBP, which is obsolete. Because of the financial factor, DEDB, a new plasticizer is increasingly used solely or 
mixing with DBP. But as a new plasticizer, the stability of DEDB is needed to be testified. Therefore, the paper compares 
two different influence of plasticizers on CYHPO, so that we can offer the specific theory for the safe usage of plasticizer.  
Nowadays, the frequently used methods of study the heat stability include thermogravimetry(TG), differential thermal 
analysis(DTA) and differential scanning calorimetry(DSC). But because of the limitation in quantity and time, their results 
can’t instead the thermostability of large quantity under the condition of heterogeneous. So, in order to the further study of 
the thermostability, more precise testing means are needed. Accelerating Rate Calorimeter(ARC), which can hold more 
quantity of samples, offers a condition of adiabatic under the trace of thermocouples. So the modification can ignore the 
error made by the heat loss, which will affect the thermostability and parameters of the hazards of samples. Therefore, ARC 
is used to do the experiments.  
2. Experiments 
2.1. Samples and instrument parameters 
Table 1. Sample mass and test parameters 
 
Sample mass and test 
parameters 
Sample A Sample B Sample C Sample D 
CYHPO CYHPO DBP CYHPO DEDB CYHPO DBP DEDB 
Mass of sample 
M(g) 
0.3996 0.4037 0.4064 0.4016 0.4090 0.4027 0.2021 0.2049 
Specific heat of sample 
Cv(kJgkg-1gK-1) 
1.53 1.68 1.59 1.63 
Mass of the bomb 
mb(g) 
17.9314 17.6332 17.6560 17.6512 
Specific heat of the bomb 
Cv,b(kJgkg-1gK-1) 
0.523 0.523 0.523 0.523 
Initial setting temperature 
Ti(ć) 
40 40 40 40 
Final setting temperature 
Tt(ć) 
200 200 200 200 
Temperature rate sensitivity 
s(ćgmin-1) 
0.02 0.02 0.02 0.02 
Sample A is analytically pure CYHPO (Cv=1. 53kJgkg-1gK-1) which was dried. Sample B is analytically pure CYHPO 
mixing with analytically pure DBP (Cv=1. 82kJgkg-1gK-1). Sample C is analytically pure CYHPO mixing with 
analytically pure DEDB (Cv=1. 64kJgkg-1gK-1). Sample D is analytically pure CYHPO mixing with analytically pure 
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DBP and DEDB. The specific heat of four samples can be calculated with Eq. (1). The parameters of ARC and samples are 
showed in Table 1. 
 
                                                      , ,( ) ( )CYHPO v CYHPO i v i CYHPO iCv M C MC M M                                                       (1) 
2.2. Data and result 
According to the data recorded by ARC, the parameters of reaction of four samples are showed in Table 2.  
 
Table 2. Adiabatic decomposition characteristic parameters of four samples 
 
Adiabatic decomposition 
characteristic parameters 
Sample A Sample B Sample C Sample D 
Initial exothermal 
temperature  
T0,s  (ć) 
71.1 69.21 75.6 63.88 
Final  temperature 
Tf,s (ć) 
137.03 130.47 136.50 128.84 
Initial self-heating rate 
m0,s (ćgmin-1) 
0.021 0.025 0.043 0.024 
Maximum self-heating rate 
mm,s (ćgmin-1) 
10.818 1.039 2.997 1.168 
Maximum self-heating rate 
temperature 
Tm,s (ć) 
121.25 111.00 122.74 109.63 
Adiabatic temperature rise 
əTad,s (ć) 
65.93 61.26 60.90 64.96 
Time to maximum rate 
Tm (min) 
319.72 383.74 179.51 470.83 
According to the data of real-time temperature and the temperature rise rate recorded by ARC, three curves which are 
“Real-time curves of temperature of four samples”, ”Curves of temperature vs. time of four samples”, ”Curves of 
temperature rise rate vs. temperature of four samples” can be seen in Fig. 2, Fig. 3 and Fig. 4. (In order to compare reaction 
times of four samples more easily, the initial exothermal points was treated as start times.) 
 
Fig.2. Real-time curves of temperature of four samples 
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Fig.3. Curves of temperature vs. time of four samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Curves of temperature rise rate vs. temperature of four samples 
(The points in different colors in Fig 3 and Fig 4 are the maximum self-heating rate points.) 
2.3. The analysis of test data 
(1) When the experiments start, ARC enters the stage of “Heating” until reach the setting temperature, it turns to the 
stage of “Waiting”. At the same time, thermocouples detect the temperature of bomb to keep the temperature balance of 
bomb and insulated furnace. Then, ARC continues to heat the bomb by a fixed increment and search for an exothermic 
reaction. At the stage of “Searching”, ARC starts to check to see if the sample self-heating rate exceeds the slop sensitivity. 
Once an exothermic reaction is detected, the data of time, temperature self-heating rate and pressure is collected until the 
reaction finishes. So the reaction keeps in a near perfect adiabatic condition [5]. The principles of operation are showed in 
Fig.  2.  
(2) In the Fig. 3, the initial temperature rise rate of four samples are 0.021ćgmin-1, 0.025ćgmin-1, 0.043ćgmin-1, 
0.024ćgmin-1, which exceed the slope sensitivity 0.02ćgmin-1. So the reaction starts to release heat and ARC begin to 
record the data. In order to compare easily, the initial time of record are treated as the beginning. It can be seen that the 
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initial exothermal temperatures from the lowest to the highest is sample D, sample B, sample A, sample C. While the 
reaction time from the shortest to the longest is sample C, sample A, sample B, sampel D. So, the adding of DEDB 
improves the initial temperature of reaction, but it promotes the reaction to the maximum temperature in relatively short 
time, and the time to the maximum temperature is the shortest.  
(3) It can be seen in Fig. 3 that the order of the maximum temperature rise rate from the lowest to the highest is sample D, 
sample B, sample A, sample C. And in Fig. 4, it can be seen that the maximum temperature rise rate of four samples from 
the lowest to the highest is sample B, sample D, sample C, sample A respectively. The curves of sample B and sample D are 
more smoothly, while the curves of sample A and sample C are steeper in the speed ratio of rising temperature. Although 
sample A and sample C reach the maximum temperature rise rate at the similar temperature, sample C has the lower 
maximum temperature rises rate than sample A.  
3. Thermodynamic Parameters 
In the reaction, adding plasticizers may change the activation energy, pre-exponential factor and reaction order. So the 
Origin8.6 is used to fitting the curves and figure out the change of three parameters. Rate constant model is used to infer the 
kinetic parameters which are showed in Table 3[4]. 
 
Table 3. Thermal kinetic parameters of four samples 
 
Thermal kinetic parameters Sample A Sample B Sample C Sample D 
Fitting temperature T(ć) 71.1~121.25 69.21~111.00 75.6~122.74 63.88~109.63 
Reaction order 1 2 1 1 
Correlation coefficients R2 0.99856 0.99789 0.99966 0.9923 
LnA 46.53 44.76 36.92 30.33 
-E/R -20222.78 -19470.91 -16805.34 -14343.56 
Pre-exponential factor A 1.62h1 0 2 0  2.75h1 0 1 9  1.08h1 0 1 6  1.49h1 0 1 3  
Apparent activation energy 
E(kJgmol) 
168.13 161.88 139.72 119.25 
It can be seen that except sample B reaction order is 2, other samples reaction order are 1. Therefore, the adding of DBP 
in the sample B makes the activation energy reduce. Comparing with apparent activation energy of sample A, apparent 
activation energy of other samples is lower. This shows that the energy threshold reduces at the beginning of the reaction. 
Meanwhile, pre-exponential factor of the three samples which added the plasticizer has gone down1, 4 and 7 levels 
respectively, which means that after overcome the initial energy threshold, the temperature rise rate are more smoothly 
when the runaway reaction start.  
4. The Modification and Analysis of Test Data 
4.1. The modification of test data 
In the experiments, the decomposed heat of the samples is not only used to heat itself, but also to raise the temperature of 
the bomb which leads to the heat loss. In the real application, the storage capacity is more than samples, and the 
decomposion is severer, which will produce so much heat that the storage system cannot dissipate production, it is necessary 
to modify the tested data under adiabatic condition with thermal inertia factor ¶

,( ) vv b v bMC M C MCI                                                               (2) 
 
Then the initial exothermal temperature T0, the initial temperature rise rate m0, the maximum temperature rise rate mm, 
the maximum self-heating rate temperature Tm, adiabatic temperature rise əTad, the maximum temperature Tf, time to 
maximum rate Tm can be modified by thermal inertia factor and the results are showed in Table 4 [4].  
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Table 4.  The revised adiabatic decomposition characteristic parameters of four samples 
 
Revised parameters Sample A Sample B Sample C Sample D 
Thermal inertia factor¶ 16. 3391 7. 7944 8. 1849 7. 9937 
Mass of sample M(g) 0. 3996 0. 8101 0. 8106 0. 8097 
Initial exothermal 
temperature  
T0(ć) 
55. 47 57. 28 61. 02 48. 19 
Initial self-heating rate 
m0(ćgmin-1) 
0. 343 0. 195 0. 352 0. 192 
Maximum self-heating rate 
mm(ćgmin-1) 
176. 76 8. 10 24. 53 9. 34 
Maximum self-heating rate 
temperature 
Tm(ć) 
874. 88 383. 01 446. 86 413. 90 
Adiabatic temperature rise 
əTad(ć) 
1077. 24 477. 49 498. 46 519. 27 
Final  temperature 
Tf(ć) 
1132. 71 534. 77 559. 48 567. 45 
Time to maximum rate 
Tm (min) 
291. 35 357. 46 164. 82 428. 00 
According to the modification of test data, the revised curves can be got in Fig. 5 and Fig. 6: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Revised curves of temperature vs. time of four samples 
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Fig.6. Revised curves of temperature rise rate vs. temperature of four samples 
(The points in different colors in Fig 3 and Fig 4 are the maximum self-heating rate points) 
4.2. The analysis of test data 
(1) The initial exothermal temperatures after modification decreases 15. 63ć , 11. 93ć , 14. 58ć  and 15. 69ć 
respectively. But the maximum temperatures after modification increases 995. 68ć, 404. 3ć, 422. 98ć and 438. 61ć 
respectively. Temperature rise rate of sample A after modification is much higher than other samples, and it’s obvious that 
adding plasticizer reduces the thermal hazards of CYHPO when it is out of control. Comparing Fig. 4 and Fig. 6, the curve 
of temperature rise rate of sample A is more steeply than other samples after modification. Although temperature of samples 
which mixing plasticizers rise in advance, their temperature rise rates are lower than sample A. However, the adiabatic 
temperature rise and the maximum temperature of four samples are higher after modification. So, the reactions are more 
easily decompose at a lower temperature and the thermal hazards are higher when the explosions are out of control under 
the adiabatic condition.  
(2) After the modification, the initial exothermal temperature from the lowest to the highest is sample D, sample A, 
sample B and sample C respectively. And the apparent activation energy from the lowest to the highest is sample D, sample 
C, sample B and sample A. It can be seen that adding DBP and DEBD leads to energy threshold in the beginning decrease, 
thus reaction is easier to decompose. But the adding of DBP or DEDB respectively has less influence on reaction.  
(3) It can be seen in Fig. 6 that the temperature rise rate of sample A higher than other samples obviously. So it 
speculated that adding plasticizer leads to the pre-exponential factor decrease which also leads to the samples decrease the 
temperature rise rate after overcoming the energy threshold. And sample B has the lowest temperature rise rate.  
(4) From Fig. 5 and Fig. 6, it can be seen that although the initial exothermal temperature of sample C is relatively higher, 
but the exothermal time is shorter and it gets the maximum temperature rise rate in a shorter period of time. While sample D 
has lower initial exothermal temperature, but it prolong the reaction time, and the maximum temperature rise rate is similar 
to the sample A and sample B under the same temperature. So the thermal hazards of sample D is less when the reaction is 
out of control.  
(5) As we can see that the influence of plasticizers added in sample D is more than that added in sample B and sample C. 
Because the mixture of DBP and DEDB in the sample D reduces the energy needed in the process of the fracture of 
peroxide bridge which leads to the reduction of initial exothermal temperature. After the overcome of energy threshold, the 
speed of the fracture of peroxide bridge becomes much faster. So under the heating from the reaction, the temperature rise 
rate reaches the maximum at low temperature.  
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5. SADT 
As we all know, CYHPO will release heat during the production, transportation and storage. If the heat can’t dissipate in 
time, there will be a runaway explode. In order to prevent the explosion, at present, self-accelerating decomposition 
temperature (SADT) is used to judge the thermal hazards of decomposition. According to the Recommendations on the 
Transport of Dangerous Goods of United Nations, SADT is defined as the lowest ambient temperature at which a self-
reactive substance undergoes the self-accelerating decomposition in a specified commercial package during a period of 7 
days or less [3].  
At the experiments, when the temperature satisfies the Eq. (13) and Eq. (14), the temperature is called no return temperature 
(TNR). TNR is an important parameter on evaluation of thermal hazards. The curve of maximum rise rate vs. temperature (¶
=1) can be draw by modification data, then we can get and the results are shown in Table 5[4]. 
( ) 0d dT dt dt                                                                           (13) 
 
0dT dt                                                                                 (14) 
 
Table 5. SADT of four samples 
 
SADT Sample A Sample B Sample C Sample D 
The heat transfer coefficient 
h(kJgh-1gm2gK-1) 
10.22 10.22 10.22 10.22 
Surface area s(m2) 0.48 0.48 0.48 0.48 
Specific heat of sample 
Cv(kJgkg-1gK-1) 
1.53 1.68 1.59 1.63 
Time constant t/min 468 514 486 498 
No return temperature TNR/ć 67.7 66.0 65.3 62.3 
Apparent activation energy 
E(kJgmol-1) 
168.13 161.88 139.72 119.25 
Self-accelerating 
decomposition temperature 
SADT/ć 
67.0 65.3 64.5 61.3 
It can be seen in Fig. 5 that after adding plasticizers, all of SADT reduce which leads to thermal hazards increase. But in 
theory, adding plasticizers should decrease the thermal hazard of CYHPO. Therefore, it’s not comprehensive to judge the 
thermal hazards only by comparing SADT. It is important to investigate exothermic process.  
6. Conclusion 
(1) The adding of DBP reduces the energy threshold in the beginning of the reaction and improves the stability of the 
material. After the reaction begins, peroxide bridge fracture quickly and the reaction rate increase gradually. But the 
reaction time is still longer than the pure CYHPO and the SADT is lower than pure CYHPO.  
(2) The adding of DEDB reduces the energy threshold in the beginning of the reaction, but it promotes the initial 
exothermal temperature which leads to the reaction is hard to start. It improves the reliability of CYHPO. After the 
beginning of reaction, it reaches the maximum temperature rise rate quickly and the peroxide bridge fracture quickly to 
reach the maximum temperature. Therefore, the DEDB is the most effective catalyst in this process.  
(3) The adding of DBP and DEDB also reduces the energy threshold and the initial exothermal temperature which 
decreases the temperature needed in the fracture of peroxide bridge. At the same time, it increases the speed of fracture in 
the low temperature and prolongs the time of reaching to the maximum temperature. Thus, the combination of DBP and 
DEDB is the most useful.  
(4) As for the investigation of plasticizer adding to CYHPO, it’s not sufficient and comprehensible draw the conclusion 
from apparent activation energy, pre-exponential factor and self-accelerating decomposition temperature. Temperature 
rising rate and the reaction time are also important. 
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